Indefinite optical properties, which are typically characterized by hyperbolic dispersion relations, have not been observed in naturally occurring materials, but can be realized through a metamaterial approach. We present here the design, fabrication and characterization of nanowire metamaterials with indefinite permittivity, in which allangle negative refraction of light is observed. The bottom-up fabrication technique, which applies electrochemical plating of nanowires in porous alumina template, is developed and demonstrated in achieving uniform hyperbolic optical properties at a large scale. We developed techniques to improve the uniformity and to reduce the defect density in the sample. The non-magnetic design and the off-resonance operation of the nanowire metamaterials significantly reduce the energy loss of electromagnetic waves and make the broad-band negative refraction of light possible.
Introduction
Our ability of versatile, but precise control and manipulation of light has been greatly enhanced ever since the concept of metamaterials was introduced. With artificially designed subwavelength structures, metamaterials have been applied to achieve a great variety of unprecedented optical effects such as negative refraction [1] [2] [3] [4] [5] , superlens [6, 7] , invisible cloak [8] [9] [10] [11] [12] [13] [14] and more generally *Author for correspondence (xzhang@me.berkeley.edu).
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This journal is © 2011 The Royal Society transformational optics [15, 16] . In the 1960s, Veselago suggested that negative refraction of light can be found in a material with simultaneous negative permittivity and permeability [17] . It took more than three decades before researchers were able to design metamaterials to achieve such an intriguing effect [1] [2] [3] . Soon after that, various designs have been explored, and negative refraction in metamaterials has been experimentally demonstrated from microwave to optical frequencies. However, many of the metamaterial properties were made possible by the resonance of the magnetic component of electromagnetic waves, which is intrinsically narrow band and suffers substantial energy loss, especially at optical frequencies.
An indefinite medium with a metallic nanowire array embedded in a dielectric matrix, on the other hand, does not rely on magnetic resonance and works over a broad range of frequency with much lower material loss [4, 18] . Such an anisotropic material has a negative electric permittivity along the nanowires and a positive permittivity perpendicular to the wires, i.e. indefinite permittivity, resulting in a hyperbolic dispersion with the ability for negative refraction of light. To operate such a metamaterial at optical frequencies, fabrication techniques to produce high-aspect-ratio metallic nanowires at large scale are mandatory. By electrochemical deposition of silver in self-organized porous alumina templates, we demonstrate the efficient fabrication of indefinite metamaterials with designed geometry parameters. The low-energy loss of nanowire metamaterials enables the optical applications of bulk materials much thicker than the working wavelength. All-angle negative refraction of visible light in such composite materials was observed [4] . Here, we present detailed studies on the design, structure fabrication and characterization of the indefinite metamaterials made by metallic nanowire arrays embedded in a dielectric host.
Physics of indefinite metamaterials
To understand how the indefinite permittivity of a material leads to negative refraction [18, 19] , let us first consider the transverse magnetically (TM) polarized electromagnetic waves propagating in a uniaxial anisotropic material. The dispersion relation of such TM waves is given by
where c is the speed of light in vacuum, k v and 3 v are wave vector and permittivity components perpendicular to the optical axis, respectively, k p and 3 p are parallel to the optical axis and u is the angular frequency of light. When the permittivity components 3 p and 3 v have opposite signs, the above dispersion relation results in a hyperbolic iso-frequency contour as shown in figure 1a. The energy flow in the materials, indicated by the direction of Poynting vector S, undergoes a negative refraction as it is normal to the iso-frequency contour and flows away from the interface. On the contrary, the refracted wave vector, the direction of the phase velocity, is positive given that the tangential component of the wave vector at the interface has to be conserved. [20] , and the data for permittivity of silver were obtained from literature [21] . (Online version in colour.)
A typical realization of the indefinite metamaterial is composed of arrays of parallel metallic nanowires such as silver, gold, etc. embedded in a dielectric matrix. The indefinite optical properties of the nanowire metamaterials are briefly summarized in figure 1 . Figure 1b is a schematic illustration of the nanowire metamaterial. As long as the period of the nanowire array is much smaller than the wavelength of interest, the structure can be effectively characterized as a homogeneous uniaxial anisotropic material with a permittivity parallel to wires (3 p ) and a permittivity vertical to wires (3 v ) [18, 22] ,
where p is the filling ratio of metal and 3 m and 3 d are the permittivity of the metal and dielectric, respectively. As shown in figure 1c ,d, 3 p is negative, while 3 v keeps positive over a broad wavelength range from the visible to near-infrared. The iso-frequency contour of light inside such a material is therefore hyperbolic and fulfils the requirement for achieving negative refraction. With the same composing materials, the optical properties of such material can be fine tuned by a single parameter of filling ratio p, as shown in figure 1 . A smaller filling ratio has less metal inclusion and therefore results in relatively small Ohmic loss. On the other hand, a large filling ratio is favourable in order to achieve the indefinite medium at higher frequency, as shown in figure 1c . The unique tunability of the structure allows us to customize the nanowire design for different applications. Considering the above restrictions and our fabrication capability, we chose a filling ratio of 0.18-0.2 in fabrication for the demonstration of the negative refraction of light with broad-band wavelength.
Indefinite metamaterial fabrication
Nanowire metamaterials take advantage of the bottom-up fabrication technique based on the electrochemical deposition of silver nanowires inside self-assembled porous alumina template. With this mean, the metallic nanowires, a few tens of nanometres in diameter and an aspect ratio greater than 1000, can be efficiently fabricated at large scale, which are not achievable with any other traditional top-down approaches. Techniques such as two-step anodization and pre-pattern induced self-assembly are employed to further improve the optical properties of the indefinite medium and make it suitable for photonic applications such as negative refraction. Self-ordered nanoporous materials such as molecular sieves, track-etched polymer, nanochannel array glass, radiation track etched mica, block copolymers and anodic aluminium oxide (AAO) have been utilized as the mask or the template for nanostructure fabrication [23] . However, the AAO-based template has great advantages over the others due to the well-ordered pore distribution, high pore density and the high aspect ratio of pores. Moreover, the thickness, diameter and pitch of the pores can be precisely tuned during fabrication, which makes the optical property of the final material controllable. In this work, silver is chosen as the metallic nanowire material for its lowest loss at the optical frequencies, and alumina is directly used as the dielectric component in the indefinite medium.
The AAO templates are prepared by electrochemical anodization of aluminium in an acidic solution. Anodization parameters, such as voltage, current density, electrolyte temperature and composition, are all adjustable and can be tuned for fabrication of a suitable template with desired distribution, size and length of the pores. The formation of alumina starts from the surface of the aluminium metal facing the electrolyte. During the anodization process [24, 25] , oxidation of aluminium metal occurs at the metal/oxide interface by the migration of oxygen containing ions (O 2− or OH − ) from the electrolyte by the following reaction:
The porous structure indicates a dissolution process in part of the aluminium oxide layer. It is caused mainly by the electric-field-enhanced reaction of the formed oxide layer,
The positions of the pores are induced by the concaves at the top surface of the aluminium before anodization. The oxidation of aluminium and the dissolution of the oxide at the bottom of each pore are in equilibrium, hence a straight pore can be formed all the way into the metal layer (see figure 2 ). The formation of pores also involves the interaction among them. The growth competition results in a self-organized process and adjusts the relative position of adjacent pores, thus an ordered hexagonal pore array can be formed [26] . Various acids can be used for aluminium anodization, and the geometric feature of pores varies significantly with the electrolytes used. Pore size and distance between pores can be further controlled using an applied voltage between the electrodes. Generally speaking, they become larger as the anodization voltage increases [27] . Here, we use 0.2 M oxalic acid in an ice water bath with 40 V bias, which achieves approximately 110 nm pitch and approximately 55 nm pore size over a large area with a regular pore shape. The filling ratio p is in the range 0.18-0.2, as designed.
A better ordered nanopore array can be achieved using a two-step anodization process [26] , since the development of the nanopores in AAO templates is guided by the appropriate texture of the surface at the initial stage of anodization. High purity aluminium foil (99.9995%, Alfa Aesar) was first mechanically polished and degreased with acetone, then put into 0.2 M oxalic acid as an anode for the first anodization step. The oxidized layer was then removed in a mixture of H 3 PO 4 and H 2 CrO 4 , leaving a regular array of dips on the metal surface due to the self-organizing mechanism. A second anodization is then applied to achieve AAO templates with the desired thickness. With the two-step method, pore sizes and distances between the pores in the final template are much more controllable and uniform.
After the anodization process, the sample was immersed in a saturated solution of Hg 2 Cl to remove the residual aluminium. The barrier layer at the bottom of the template was then removed in diluted H 3 PO 4 at room temperature. After the removal of a barrier layer, a silver seed layer was deposited (EB3, BOC Edwards)
10 mm 10 mm (a) , the boundary between the nanowire filled and empty parts can be seen. The nanowires grow faster at the edge than at the centre part, and overgrown silver forms a block on top of the sample.
on top of the template as a cathode and silver nanowires were subsequently electrochemically plated in the pores of an AAO template [28] . The electroplating process was performed in the electrolyte containing AgNO 3 , nitric acid and l-tartaric acid.
Since the growth rate of nanowires is usually much faster close to the edge of the sample than in the centre [29] , when the longer nanowires grow out of the pores, they will start to conglomerate at the surface and form a block of silver metal, as shown in figure 3 . The overgrown silver on the surface was removed by mechanical polishing. The polishing process should not stop until all the short nanowires show up since the pores that are not fully filled act as strong optical scattering centres.
The bottom-up method using the self-organized porous template greatly reduces the fabrication time and makes fine and high-aspect-ratio nanostructures achievable. On the other hand, as shown in the previous example, materials made with a bottom-up approach are usually not so uniform in the pore sizes, shapes and lattice regularity as those fabricated with top-down approaches, which makes the fabrication of materials with good optical quality a great challenge. In order to further improve the optical performance, it is critical to create pore arrays with high uniformity.
First, the optical response of the metamaterial is dictated by the filling ratio of the metal nanowire in the dielectric matrix, as we have shown in the theory. The non-uniform size of the pores causes the fluctuation of effective permittivity throughout the material, resulting in a material property deviated from design.
Second, non-uniformity also results in the variation of the thickness of the barrier layer during the anodization, making random size openings in the barrierlayer removal process, as shown in figure 4a . In order to make sure every pore is fully opened, the etching time needs to be increased, which usually results in the unexpected widening of pores that open earlier. Different pore diameters and barrier-layer opening sizes lead to different ion transportation rates during the electro-deposition process, which may result in a very short nanowire or even no nanowires in some pores. The pores without nanowires are optical defects in the material, which induce unexpected scattering and create artefacts in the characterization process. Figure 5 depicts three-dimensional full wave simulation results showing the scattering effects caused by a single missing nanowire in a nanowire array where an open slit is cut through the silver seed layer. Light with wavelength 660 nm is incident from the bottom of the structure. Figure 5a is the result without any defects, while one nanowire is missing (shown by the arrows) in both figure 5b,c. When light is transmitted through the nanowire composite, a missing nanowire causes a strong distortion of the field distribution. Even when the missing nanowire is not in the slit region (figure 5c), the scattering is strong enough to result in an illusive field distribution. Figure 6 shows one example that the density of the defects in AAO is significantly affected by sample uniformity. Note that most defects occur at locations where the self-organized lattice is not well ordered.
(a) (b) 500 nm 500 nm Figure 6 . SEM images of two nanowire samples with different uniformity. It is clear that the pores in (a) are much less ordered than those in (b) [4] , and therefore more defects can be found in it.
With the two-step anodization approach and the extended first anodization time, the ordering of the nanopore array can be significantly improved, which is also reflected in the uniform opening sizes of the barrier layer, as shown in figure 4b .
Other than the two-step anodization method, pre-pattern methods [30] [31] [32] [33] can also be employed to achieve extremely narrow distributions on lattice spacing, pore size and thickness of the barrier layer. With the help of the fabulous uniformity of the template fabricated by pre-pattern methods for the following electroplating process, the reduction of missing nanowires and the precise control of the nanocomposite in the anisotropic metamaterials are then possibly obtained.
Here, we choose the focused-ion-beam (FIB) direct-write technique [31] for its effective guidance on the growth of high-aspect-ratio long-range-ordered nanochannel arrays and its flexibility on defining the tunable lattice spacing and exact position of every pore in the template. A commercial 50 keV Ga FIB with a diameter of approximately 10 nm and beam current of 10 pA is used to create arrays of hexagonally close-packed concaves on polished high-purity aluminium surfaces [31] . In the same principle as the two-step anodization method, the concaves will then induce the growth of ordered nanopores in the later anodization process. Given that the surface texture is compatible with the natural parameters for the self-ordering, the longrange-ordered nanopore array architecture can be expected to grow at the loci dictated by the pre-patterns. Figure 7a shows the scanning electron microscope (SEM) image of the FIB pre-patterned Al film, while Figure 7b is the nanopore array guided by the surface texture. Silver nanowires grown in an FIB pre-patterned template after anodization and barrier-layer removal create a nanowire array with an ideal order and high uniformity, as shown in figure 7c . Defects caused by the missing nanowire have been substantially reduced. Defect density is typically less than 0.05 per cent for samples with a pitch of approximately 110 nm and a nanowire diameter of approximately 50 nm. Notably, defects occur only at a few locations where the lattice is imperfect, which are negligible compared to the defects found in self-organized nanochannels on AAO. The FIB pre-patterning of Al facilitates the fabrication of long-range-ordered AAO nanochannel arrays, which can be used as templates for growing arrays of nanowires exhibiting negative refraction without detrimental interference originated from defects on the arrays.
Optical measurements
As discussed in the previous section, an important consequence of the indefinite optical property is the negative refraction of light at the interface of the nanowire metamaterial and air. By utilizing a near-field scanning optical microscope (NSOM), optical measurements have been conducted to demonstrate the negative refraction ability of nanowire metamaterials. The experimental setup is schematically illustrated in figure 8 . The metamaterial slab comprising vertical aligned nanowires is mounted on the stage of the NSOM system. A 1 mm wide slit was etched through the silver seed layer using an FIB system (FIB, Strata 201XP, FEI), which can confine the light beam width within a certain propagation distance so that we are able to identify the direction of the refracted beam as shown in figure 9a. Such a slit can also serve as a one-dimensional object in order to demonstrate the imaging ability of slab lenses made of the nanowire metamaterials [34] .The slit is illuminated by a collimated laser beam at different incident angles, and the transmitted light is mapped by an apertured NSOM probe at the top surface of the metamaterial.
The incident angle of the light was controlled by shifting the collimated laser beam with a linear stage. The incident angle q is determined by the equation q = arctan(x/f ), where x is the shift of the beam and f is the focus length of the objective used to illuminate the sample. A polarizer was used to select transverse electric (TE) and TM modes of the incident light. When the polarization is parallel or perpendicular to the beam shift, TM or TE modes are excited inside the metamaterial, respectively. We marked the centre position of the transmitted beam under normal illumination as a reference. The lateral displacement of the beam x at the output surface was determined by comparing the centre position of the beam with respect to the reference. The refraction angle inside the material q was consequently extracted by q = arctan(x /t), where t is the sample thickness.
The NSOM probe used to detect the output light is an optical fibre that was tapered and bent to 90
• by a CO 2 laser beam. The tip apex was coated with 100 nm thick aluminium using e-beam deposition (Edwards EB3 E-beam Evaporator). Subsequently, the tip was milled using FIB milling (FEI Strata 201 XP) to form a sub-100 nm aperture at the probe apex. When positioned in close proximity to the sample surface with an atomic force microscope scanner (Bioscope, Digital Instruments), the light from the sample can be collected to form an image with subdiffraction resolution. Figure 9a is a schematic showing the light path of a negatively refracted light in our experiments. A slit is cut on the 250 nm thick silver film. A light beam at 660 nm wavelength is transmitted through the slit and refracted to the negative direction at the air/metamaterial interface. Figure 9b is the combined results of a refracted light spot for different incident angles. The horizontal axis represents the lateral displacement of the output light. The output beam of normally incident light is set as the reference point and marked as zero on the axis. The vertical axes are the sines of various incident angles. When q is negative, normal refraction dictates that the output beam has a positive displacement. However, it is clearly shown in the upper half of the figure that TM polarized light beams behave in the opposite way, which shows a negative refraction. In a control experiment, TE polarized light beams were positively refracted, as recorded in the lower half of figure 9b. Furthermore, negative refraction also occurs at the output interface of the sample, which leads to a focusing effect and forms an image of the slit at a distance from the output surface [34] .
Conclusion
We have demonstrated the design, fabrication and optical characterization of an indefinite metamaterial composed of silver nanowires embedded in an alumina matrix, achieving an effective indefinite property in permittivity. The major challenge of creating such metamaterials with good optical quality was overcome by employing various techniques, including two-step anodization and the prepatterning method, as well as parameter optimization to reduce the defect density. The approach is effective in producing high optical quality nanowire metamaterials with designed parameters at large scale. The indefinite optical properties were characterized by an NSOM system, and the negative refraction ability of the nanowire metamaterials was demonstrated. The experimental results in turn proved the validity of our theoretical framework and structure designs. An indefinite medium based on metallic nanowires has much lower material losses than other negative index materials because of its non-magnetic and off-resonance design. Such a bulk negative refractive material design has opened new possibilities in the fields of nanoscale optical imaging and lithography.
